Abstract AmyJ33, an a-amylase isolated from Bacillus amyloliquefaciens JJC33M, has been characterized as a non-metalloenzyme that hydrolyzes raw starch. In this work, the gene that codifies for AmyJ33 was isolated and cloned. The recombinant a-amylase (AmyJ33r) produced had a molecular weight of 72 kDa, 25 kDa higher than the native a-amylase (AmyJ33). Our results suggest that the C-terminal was processed in a different way in the native and the recombinant enzyme causing the difference observed in the molecular weight. Additionally, the enzyme activity, specificity and biochemical behavior were affected by this larger C-terminal extra region in AmyJ33r, since the enzyme lost the ability to hydrolyze raw starch compared to the native but increased its thermal stability and pH stability, and modified the profile of activity toward alkaline pH. It is suggested that the catalytic domain in recombinant enzyme, AmyJ33r, could be interfered or blocked by the amino acids involved in the C-terminal additional region producing changes in the enzyme properties.
Introduction

a-Amylase
(a-1,4-d-glucan-4-glucanohydrolase, EC 3.2.1.1) hydrolyzes the internal a-(1,4) glycosidic linkages in starch, leading to the formation of glucose, maltose and oligosaccharides. These enzymes belong to the glycoside hydrolase family 13 (GH13), which groups 42 subfamilies according to their origin and structural characteristics and together with GH70 and GH77 families integrate the GH-H clan (Stam et al. 2006; Bozic et al. 2017 ), (http://www. cazy.org/Glycoside-Hydrolases.html).
Bacterial a-amylases are classified into the GH13 subfamilies 5, 6, 7, 27, 28, 32, 36, 37, 39, 41 and 42 where the GH13_5 and GH13_28 subfamilies include bacterial liquefying and saccharifying a-amylases, respectively (Stam et al. 2006; Majzlová and Janeček 2014) . In nature, amylases are present in animal, fungi, yeasts, bacteria, and actinomycetes. Amylases are among the most important commercial enzymes due to the wide range of industrial applications in detergent, paper, food, textile and pharmaceutical processes, and more recently for production of first generation biofuels (Gupta et al. 2003) . For industrial use, the principal sources of aamylases are bacterial and fungal species, among them, Bacillus licheniformis, B. subtilis, B. amyloliquefaciens, Aspergillus niger, and Trichoderma spp., which are mostly used due to their wide operative range (Pandey et al. 2000) .
The molecular weight of amylases varies in the range of 10-210 kDa (Gupta et al. 2003) . The a-amylases have at least 2 conserved domains: domain A contains the three conserved residues involved in catalysis and domain C has shown to be involved in translocation, thermal stability and/or binding of raw starch (Sharma and Satyanarayana 2013) . Domain C is crucial for a-amylase activity; their deletion abolished the activity in some cases (van der Maarel et al. 2002) . In any amylases, a domain B has been described as part of the catalytic domain. This is probably associated with the differences in substrate specificity and stability of the amylases (Sharma and Satyanarayana 2013) . Likewise, it has been related to metal binding in association with domain A (van der Maarel et al. 2002) . On the other hand, some GH13 members contain additional domains, such as domains D and E. The function of domain D is unknown; however, domain E is involved, in some cases, in anchoring to the raw starch, and for this reason is known as starch binding domain (SBD) (Janecek et al. 2003) . The SBDs are grouped in carbohydrate binding modules (CBM) in the CBM families 20, 21, 25, 26, 34, 41, 45, 48, 53, 58, 68, 69 and 74 (Boraston et al. 2006; Bozic et al. 2017 , http://www.cazy.org/Carbohydrate-BindingModules.html).
Native a-amylases have been isolated from different strains of B. amyloliquefaciens and their substrate specificity towards raw starch or soluble starch has been evaluated (Gangadharan et al. 2009; Quintero Moreno and Gutiérrez Sánchez 2010; Deb et al. 2013) . Recombinant aamylases have been produced in Escherichia coli and also characterized (Demirkan et al. 2005; Liu et al. 2015) . Some studies have been conducted to understand the role of some residues in calcium-binding and thermal stability (Sun et al. 2010; Zonouzi et al. 2013 ). In particular, we have isolated an a-amylase from B. amyloliquefaciens JJC33M (AmyJ33), a strain isolated from soil cultivated with sugar cane in the Papaloapan Basin (Oaxaca, México). This native a-amylase was characterized using raw starch and the hydrolysis products were glucose, maltose and maltopentose; it presents a molecular weight of 50 kDa (Montor-Antonio et al. (2014) ; Hernández-Heredia and del Moral 2016) . B. amyloliquefaciens JJC33M genome was sequenced and only a gene that codified to amylase activity was detected (Montor-Antonio et al. 2015) .
In this study, we describe the isolation and characterization of a gene encoding the a-amylase AmyJ33, its heterologous expression in E. coli, as well as the purification and characterization of the native and recombinant enzymes using soluble starch as substrate. Our particular interest is the understanding of the differences associated with a C-terminal extra region, which is larger in the recombinant enzyme compared to the native enzyme.
Materials and methods
Bacterial strain, culture conditions and DNA isolation and purification B. amyloliquefaciens JJC33M was obtained from a collection of strains isolated from soils cultivated with sugar cane (Montor-Antonio et al. 2014) . The strain was cultivated in 50 mL of YENB broth at 37°C and 180 rpm. Bacterial cells were recovered by centrifugation at 55809g during 15 min and genomic DNA was isolated using the ZR Fungal/Bacterial DNA MiniPrep kit (ZYMO RESEARCH). In a second step, the genomic DNA was purified and concentrated using the Genomic DNA Clean and Concentrator kit (ZYMO RESEARCH).
Cloning of AmyJ33 gene
The AmyJ33 gene was amplified from genomic DNA by PCR using the specific forward primer FpBT-GCC CTG CAG TTT GAA AAA CGA TTC, and reverse primer RpBT-GGG TCT AGA ATG CCG AAG ATA GC designed according to the complete nucleotide sequence of the AmyJ33 gene identified from whole-genome shotgun project deposited at GenBank with accession number JTJG00000000.1 The PCR product was purified using the GeneJet PCR Purification Kit (Thermo Scientific) and cloned in the pBAD TOPO Ò vector (Invitrogen). Electrocompetent E. coli TOP10 cells were transformed with the pBAD TOPO-AmyJ33 plasmid and selected on LB ampicillin (100 lg/mL) agar plates. The plasmid was sequenced using an ABI 3130xl platform (Applied Biosystems).
Expression and purification of the recombinant enzyme (AmyJ33r)
A single colony of E. coli TOP10 cells transformed with pBAD TOPO-AmyJ33 plasmid was grown in 1 L of LB medium and ampicillin (100 lg/mL) at 37°C and 180 rpm and was induced with 0.2% L-arabinose for 20 h when an OD 600 of 0.5 was reached. The supernatant was collected by centrifugation and salted out with 80% saturated ammonium sulphate (J. T. Baker), and centrifuged at 10,0009g for 10 min at 4°C. The protein precipitated was mixed and dissolved in 40 mL of 50 mM phosphate buffer (pH 7.0), washed three times with the same buffer using centrifugal concentrators of 10,000 MWCO (MILLIPORE) by centrifugation at 55809g during 15 min and concentrated 50-fold in the same system. The recombinant enzyme AmyJ33 was purified using batch-binding method with Ni-NTA (QIAGEN Ò ) resin. This was performed by adding 1 mL of resin equilibrated in lysis buffer (50 mM NaH 2 PO 4 ; 300 mM NaCl; 10 mM imidazole; pH 8.0) to 2 mL of concentrated protein diluted with lysis buffer (1:1). This mixture was incubated for 1 h at 4°C and 120 rpm. Resin collected by centrifugation was washed five times with wash buffer (50 mM NaH 2 PO 4 ; 300 mM NaCl; 20 mM imidazole; pH 8.0). Bound enzyme was eluted in 4 volumes of 0.5 mL of elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole; pH 8.0). The eluate was dialyzed overnight against 50 mM acetate buffer, pH 5.0.
Purification of the native enzyme (AmyJ33)
Native enzyme was produced and purified as was described by Montor-Antonio et al. (2014) .
SDS-PAGE analysis and zymography
The enzyme preparations were analyzed by SDS-PAGE in 10% polyacrylamide gels stained with 1% Coomassie brilliant blue to estimate the molecular weight. For amylase activity: the gel was added with 0.1% soluble starch; the SDS was removed washing the gel for 1 h at 4°C in Triton X-100 solution (2.5%, w/v) and rinsing with distilled water; the gel was soaked in 1% soluble starch phosphate buffer pH 7.0 solution and incubated for 1 h at 37°C and finally, stained with a Lugol's iodine solution (0.33% (w/v) iodine, 0.66% (w/v) potassium iodide). Clear bands indicated amylase activity on the gel.
Activity assay
Soluble starch was prepared autoclaving 10% (w/v) starch solutions at 121°C for 15 min. The enzymatic activity of native and recombinant enzyme (AmyJ33 and AmyJ33r, respectively) was assayed in 50 mM phosphate buffer pH 7.0 containing 1% (w/v) soluble starch at 45°C, by measuring the release of reducing sugars in 800 lL volume reactions containing 1 U of enzyme activity. Samples of 100 lL were withdrawn and reducing sugars quantified by the DNS method using a D-glucose standard curve (Sigma). One unit (U) of enzyme activity was defined as the amount of enzyme that releases 1 lmol of glucose equivalents per minute.
Effect of pH on enzymatic activity and pH stability
The effect of pH on activity of native and recombinant enzymes (AmyJ33 and AmyJ33r) was determined at 45°C in the range of 4.0-9.0 in 50 mM acetate buffer (pH 4.0-5.0), phosphate buffer (pH 6.0-8.0), and GlycineNaOH buffer (pH 9.0) using the activity assay while pH stability was measured in the same pH range from enzyme solutions incubated at 4°C during 20 h. The residual activity was measured as described in the activity assay.
Effect of temperature on enzymatic activity and thermal stability
The effect of temperature was evaluated at pH 7.0 in the range of 40-90°C using the activity assay for both enzymes: native and recombinant. Thermal stability was measured from enzyme solutions incubated at 40, 50, and 60°C in 50 mM acetate buffer pH 5.0 (AmyJ33) and 50 mM Glycine-NaOH buffer pH 9.0 (AmyJ33r). The residual activity was measured using the activity assay with enzyme samples withdrawn at different time intervals.
Effect of various substances on enzymatic activity
The enzyme was incubated at 45°C and the optimum pH of each enzyme during 1 h in 50 mM acetate buffer pH 5.0 (AmyJ33) and 50 mM Glycine-NaOH buffer pH 9.0 (AmyJ33r) with 1, 5 or 10 mM of CaCl 2 , FeSO 4 , ZnSO 4 , MgSO 4 , KCl, MnSO 4 and NaCl or EDTA or 1% of SDS or b-mercaptoethanol. Then, substrate was added and the residual activity measured using the activity assay.
Kinetic properties
Reaction rates were measured at different concentrations of soluble starch in the range of 2-16 mg/mL. Reaction conditions were 45°C and pH 5.0 and 9.0 for AmyJ33 and AmyJ33r, respectively. Kinetic parameters K m and V max were calculated by nonlinear fitting of the data to the Michaelis-Menten equation, using the program OriginPro 8 (version 8.0724). All the measurements were performed in duplicates.
Molecular characterization of AmyJ33 gene
AmyJ33 was aligned with sequences of characterized aamylases from the genus Bacillus and some crystallographic structures using the MUSCLE (http://www.ebi.ac. uk/Tools/msa/muscle/) and ESPript server (http://www. espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi?FRAME= MAIN). Fourteen computational models of the three-dimensional structure of AmyJ33 were obtained by homology using the Geno3D (https://geno3d-prabi.ibcp.fr/ cgi-bin/geno3d_automat.pl?page=/GENO3D/geno3d_home. html), I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), Phyre 2 (http://www.sbg.bio.ic.ac.uk/phyre2/ html/page.cgi?id=index), RaptorX (http://raptorx.uchicago. edu/) and SWISS-MODEL (http://swissmodel.expasy.org/) servers. The quality and reliability of the three-dimensional models were assessed using the servers: PSVS (http://psvs-1_5-dev.nesg.org/), QMEAN (http://swissmodel.expasy.org/ qmean/cgi/index.cgi) and SuperPose (Version 1.0) (http:// wishart.biology.ualberta.ca/SuperPose/). The phi and psi torsion angles were calculated using the Ramachandran plot available from PROCHECK. The best model was selected on the basis of QMEAN-score, PROCHECK Z-score, RMSD, Ramachandran allowed region residues, G-factor, and bad contacts per 100 residues (Sonawane et al. 2015) .
Nucleotide sequence accession number
The sequence of the complete AmyJ33 gene has been assigned with the GenBank accession number KU194412.1
Results
Three-dimensional model and sequence analysis of AmyJ33
An a-amylase gene was identified from the genome of B. amyloliquefaciens JJC33M, a bacterium isolated from sugar cane soil in the Papaloapan Basin (Oaxaca, Mexico). A partial fragment of this gene (1753 bp) was amplified by PCR from genomic DNA using degenerated oligonucleotides designed from the multiple nucleotide sequence alignment as already described (Montor-Antonio et al. 2014) . The fragment had a high identity (98%) with several hypothetical a-amylases reported from the genus Bacillus. Later, the complete sequence was identified from the whole-genome deposited for this strain at DDBJ/EMBL/ GenBank under the accession no. JTJG00000000.1 (Montor-Antonio et al. 2015) . The genome was analyzed to find out another amylolytic enzymes; in addition to AmyJ33, no other was identified. However, as was reported by Hernández-Heredia and del Moral in 2016, the native enzyme purified and characterized was an a-amylase, because it produced maltose and maltopentaose in addition to glucose from the raw starch, instead of only glucose as would correspond to an a-glucosidase (Chiba 1997; van der Maarel et al. 2002) .
The gene AmyJ33 contains 46% of GC; the RBS consensus sequence (AGGAG) identified by analysis from the B. amyloliquefaciens JJC33M genome was located 8 nucleotides upstream of the start codon (ATG) of AmyJ33. In the same way, a putative promoter region was identified 174 nucleotides upstream of the start codon using a Neural Network Promoter Prediction server (http://www.fruitfly.org/seq_ tools/promoter.html); the sequences -10 (TATAGA) and -35 (TTGATA) were separated by 32 nucleotides.
The blastp analysis showed a high identity with hypothetical a-amylases from the genus Bacillus [B. siamensis (99%), WP_045926285.1; Bacillus sp. JFL15 (99%) A signal peptide of 33 amino acids was predicted by the SignalP 4.1 server (http://www.cbs.dtu.dk/services/ SignalP) suggesting the extracellular location of the protein in Bacillus genus and showing identity with the signal peptide observed in several hydrolytic enzymes from the genus Bacillus, such as: the a-amylases BKA (70%) (Salimi et al. 2012) and AmyQ (88%) (Yang et al. 2012) .
The analysis carried out with the Simple Modular Architecture Research Tool (SMART: http://smart.emblheidelberg.de) and the three-dimensional model built showed that sequence has a signal peptide (33 residues) followed by a P region that indicates the beginning of the mature protein (8 residues); a domain A (297 residues), a domain B (50 residues; included in domain A), a domain C (83 residues) and a C-terminal extra region (191 residues) containing a putative SBD (last 92 residues) belonging to the CBM26 family were also identified (Fig. 1a, b) . The region between domain C and the putative SBD (residues 473-557) has no identity with a specific conserved region observed in a-amylases. So, a deeper study to determine the function or elucidate any possible relation of this region with the raw starch binding is needed.
The multiple alignment of the mature AmyJ33 with the a-amylases from B. subtillis (BSUA), B. sp KR8104 (BKA) B. subtilis CN7 (Amy7M: AFD33644.1) and B. subtilis FP-133 (AmyA_FP133: BAT21551.1) showed 4 of the 7 conserved regions already described in a-amylases, located in domain A, and the probable residues involved in the metal binding site (Glu88, Asn101, Thr137, Asp145, Gly169, Asp171, His180, Glu276, Gly313), located in the domains A and C (Fig. 2a) .
The best model of the three-dimensional structure of AmyJ33r was built by the RaptorX server (http://raptorx. uchicago.edu/), using as templates the crystallographic structures of the a-amylase from B. subtilis (BSUA; PDB: 1BAG), the D-transpeptidases LdtMt2N55, LdtMt2 and LdtMt5 from Mycobacterium tubercolusis (PDBs: 3VYN, 4HU2 and 4Z7A), and the Carbohydrate-Binding Module BhCBM26 of the maltohexaose-forming amylase from B. halodurans (PDB: 2C3G), which had a sequence identity of 90.59, 25.58, 22, 19.61 and 24 .39% with AmyJ33, respectively. The Ramachandran plot derived through PROCHECK showed that 89.4% of the residues were found in the most favored region, 9.7% of the residues in the additionally allowed region and 0.7% in the generously allowed region whereas only 0.2% were located in the disallowed region confirming a good quality of the model in terms of Ramachandran plot (Laskowski et al. 1993) .
Based on the analogy between the crystallographic structure of BSUA (PDB 1BAG) and the model, Asp176, Glu208 and Asp269 (located in domain A) were identified as the catalytic amino acids in AmyJ33r (Fig. 2a) . The domain B is an excursion from domain A and the most variable domain in a-amylases. In AmyJ33r, domain B is only 50 residues, 52 residues smaller than average in aamylases as AmyK38 (Nonaka et al. 2003) . In thermo stable bacterial a-amylases domain B is elongated by up to 100 residues (Alikhajeh et al. 2010) . As has been reported, it could have a variable position, structure, and length (Jespersen et al. 1993; Katsuya et al. 1998) . The C-terminal extra region, absent in BSUA, was modeled with the Dtranspeptidases LdtMt2N55, LdtMt2 and LdtMt5 from Mycobacterium tuberculosis, and SBD to the Carbohydrate-Binding Module BhCBM26 of the maltohexaoseforming amylase from B. halodurans showed in the alignment (Fig. 2b) . According to the model, this region contains a fold mostly b-sheet antiparallel, similar to the bsandwich fold, and hosts a putative CMB26 region at the end of the C-terminal extra region. In the BhCBM26 of B. halodurans C-125, the residues Y23, Y25 and W36 are amino acids that stack the maltose molecule, while residues Q71, G76 and Q77 stabilize the maltose by hydrogen bonds (Boraston et al. 2006 ). In the SBD of AmyJ33r, two of the three amino acids of stacking (Y540 and W554, Fig. 2c ) and one of the two amino acids of stabilizing maltose molecule (Q590, Fig. 2c ) were localized.
Cloning, expression and activity on plate assay In B. amyloliquefaciens JJC33M genome only a gene that codifies to a-amylase was identified (Montor-Antonio et al. 2015) . A 1800 bp PCR product was amplified from genomic DNA using the specific oligonucleotides (FpBT-and RpBT-) designed from the complete gene named AmyJ33, identified from the B. amyloliquefaciens JJC33M genome. The product was cloned into the E. coli pBAD-TOPO vector (Invitrogen). The plasmid pBAD-TOPO-AmyJ33r contained the region encoding the full-length a-amylase including the native signal peptide of AmyJ33 and a His tag of 6 residues added by the expression vector at the end of the protein.
AmyJ33r codifies a polypeptide of 659 amino acids with a theoretical molecular mass and isoelectric point of 72.49 kDa and 6.08, respectively. These values change to 76.94 kDa and 6.07, respectively, when the amino acids added by the vector at the beginning and the end of the protein are considered in the prediction. The a-amylase activity was assayed from single transformants of E. coli TOP 10 containing the plasmid pBAD-TOPO-AmyJ33r on agar LB plates added with 0.2% Larabinose as inducer. Interestingly, amylolytic activity was observed after 24 h of incubation on starch agar medium (Fig. 3b) . This behavior was similar to that obtained using the B. amyloliquefaciens JJC33M strain (Fig. 3a) . The result showed that the recombinant a-amylase (AmyJ33r) is exported through the E. coli cell membrane. It has been reported that some hydrolases from genus Bacillus (amylase, mannanase and chitinase) produced in E. coli using the native signal peptides could be exported when a suitable substrate was available in the medium (Yamabhai et al. 2008 ).
Purification of AmyJ33r and zymography
The recombinant a-amylase (AmyJ33r) was purified by metal ion affinity chromatography from the culture cellfree extract using the His tag added to the carboxy-terminal end of the protein. The enzyme was purified 84-fold with a yield of 56% (Table 1 ). The specific activity of the purified enzyme was 280 U/mg protein. Approximately, 0.2 mg of b Fig. 2 Amino acids sequence alignment of domains A (green box), B (yellow box) and C (blue box) of the mature AmyJ33 (without signal peptide) with the sequence of the crystallographic structure of the aamylase from B. subtilis (PDB:BSUA) and the a-amylase from Bacillus sp. KR8104 (BKA; ACD93218.3), B. subtilis CN7 (Amy7M: AFD33644.1) and B. subtilis FP-133 (AmyA_FP133: BAT21551.1) (a). Amino acids sequence alignment of C-terminal extra region (purple box) of AmyJ33 with the sequence of the crystallographic structure of the CBM26 from B. halodurans (PDB: 2C3G), BKA and AmyQ (b). The aligned sequence were visualized using the ESPript 3.0 server. The conserved residues are marked in red. a-Amylase conserved regions in a-amylases (I-IV) described by Nielsen and coworkers are shown in dotted black boxes (Nielsen et al. 2000) . The 9 metal-binding residues identified from BSUA (filled circle) and the catalytic triad (Asp176, Glu208, Asp269) (filled star) are shown. aHelix (a), b-sheet (b), 3 10 helix (g), and turn (T) are indicated Fig. 2 continued the purified enzyme was obtained from 1 L of culture broth under conditions described. A single band slightly higher than 72 kDa was detected on SDS-PAGE by Coomassie staining (Fig. 3d ). This molecular mass is lower to the value calculated from the deduced amino acid sequence of AmyJ33r (76.94 kDa). The difference may be due to the loss of some amino acids when AmyJ33r is exported through the cell membrane towards the culture medium, as has been widely reported from biological systems as Bacillus, Lactobacillus, and E. coli (Cho et al. 2007; Yamabhai et al. 2008; Salimi et al. 2012) . In contrast, the native a-amylase (AmyJ33) previously reported showed a molecular mass approximately 25 kDa lower than AmyJ33r (Montor-Antonio et al. 2014), as shown in the zymography (Fig. 3e) .
Enzyme activity of AmyJ33r and AmyJ33 on soluble starch
The native a-amylase (AmyJ33) has been previously characterized using raw starch as substrate ( 2016). In contrast, the recombinant a-amylase, AmyJ33r, was able to hydrolyze only soluble starch (Fig. 3b , e, respectively), but not raw starch. To compare the properties of both enzymes, they were characterized on soluble starch under the activity assay conditions. The specific activity was 280 and 5198 U/mg protein for AmyJ33r and AmyJ33 purified enzymes on soluble starch, respectively. The activity dropped drastically by 95% in the recombinant enzyme.
Effect of pH on enzymatic activity of AmyJ33r and AmyJ33 and pH stability
The influence of pH on AmyJ33r and AmyJ33 activity was studied at 45°C (Fig. 4a) ; the optimum pH was 9 and 5, respectively. The enzymatic activity was not analyzed at higher pH values due to the spontaneous starch hydrolysis detected in these conditions. Recombinant a-amylase works better in alkaline conditions compared to native a-amylase. AmyJ33 activity drops below 75% from pH 8 and is more stable to mildly acidic pH as it retains 75% activity at pH 4. In contrast, AmyJ33r retains only 30% of activity at pH 4 and shows a better activity from pH 6-9 (Fig. 4a) . In general, native and recombinant a-amylases from Bacillus show optimum activity at neutral or slightly acidic pH, as has been reported for AmyJ33 (optimum pH 5.0) (Hernán-dez-Heredia and del Moral 2016) AmyQ A and B (optimum pH 7 and 7.5, respectively) (Liu et al. 2015) ; AmyQ (optimum pH 5-7) (Sun et al. 2010) , AMY-Ba (optimum pH 5) (Liu et al. 2015) . It is also known that the activity in the most of native a-amylase decreases rapidly at alkaline pH values (Bessler et al. 2003; Goyal et al. 2005) , which seems to apply for some recombinant enzymes (Yang et al. 2012) but not for AmyJ33r. AmyJ33r was stable at pH 5 (100%) and 7 (91%); while at pH 4 the activity drops to 13%, and 70% of activity is retained at pH 8. On the other hand, AmyJ33 retained the 100% of activity at pH 5 and dropped to 53% at pH 4. The activity dropped more slowly at alkaline pH (Fig. 4b) .
Effect of temperature on enzymatic activity of AmyJ33r and AmyJ33 and thermal stability
When the influence of temperature was evaluated, both AmyJ33 and AmyJ33r showed a similar behavior. In both cases, the optimum temperature was in the range of 70-80°C. AmyJ33r displayed half lifetimes (t 1/2 ) of 19, 4.4 and 0.29 h at 40, 50 and 60°C, respectively. AmyJ33r had better thermal stability compared to AmyJ33, whose half lifetimes (t 1/2 ) were 6.79, 2.96 and 0.15 h, measured at the same temperatures.
Kinetic parameters of AmyJ33r and AmyJ33
The enzymes followed the Michaelis-Menten kinetics. The K m and V max values were 3.23 mg/mL and 294.117 U/mg and 5.04 mg/mL and 5743.51 U/mg for AmyJ33r and AmyJ33, respectively. The catalytic efficiency dropped from 985 s -1 (mg/mL) -1 for AmyJ33 to 135 s -1 (mg/ mL) -1 for AmyJ33r. The K m and V max values depend on the substrate and the reaction conditions tested for different a-amylases. For this reason, it is difficult to compare them in terms of kinetic parameters. The K m estimated for AmyJ33r is close to those reported for the a-amylase of B. licheniformis (2.85 mg/mL) (Vaseekaran et al. 2011) Fig. 4 Effect of pH (a), and pH stability (b) on enzymatic activity of recombinant (AmyJ33r) and native enzyme (AmyJ33). The 100% of enzyme activity is equivalent to 245.6 ± 3.3 U/mg of protein and 5180 ± 155.4 U/mg of protein, respectively, measured on 10 g/L soluble starch reactions at 45°C to that reported for the a-amylase from Bacillus sp. BKL20 (300 U/mg) (Kubrak et al. 2010) , and higher than those reported for the a-amylase from B. amyloliquefaciens (65 U/mg) ) and B. coagulans (22 U/mg) ).
Effect of several substances on the activity of native and recombinant a-amylase
The effect of monovalent ions, divalent ions and reducing and chelating compounds on AmyJ33r activity was evaluated ( Table 2 ). The ion concentration was adjusted according to the ionic strength. The Tukey's test was used to evaluate the significance (a = 0.05) between the results. It was found that Ca 2? (10 mM) and Mn 2? (5 mM) enhanced significantly the amylase activity around 16% while Zn 2? enhanced gradually the activity up to 13% as the Zn 2? concentration increases. The inhibitory effect of Zn 2? has been reported for mesophilic and thermostable aamylases (Gupta et al. 2003; Aygan et al. 2008; Dheeran et al. 2010) .
On the other hand, Mg 2? (5-10 mM) inhibited the enzyme activity of AmyJ33r and AmyJ33 up to 30% (Table 2) . A similar behavior has been reported for the aamylases of Bacillus sp. I-3 (Goyal et al. 2005 ) and B. amyloliquefaciens ATCC 23842 (Gangadharan et al. 2009 ). Some ionic agents inhibited the a-amylase activity by competition with the ions associated with the enzyme for the ion binding sites or by inhibition of catalytic residues or substrate binding residues causing conformational changes (Chai et al. 2012) .
AmyJ33 enzymatic activity was reduced 20% to the highest concentration used of EDTA (10 mM); instead, AmyJ33r was not affected in neither of the EDTA concentrations tested. Some a-amylases lost their activity on 1 mM EDTA and others require EDTA concentrations higher (10 mM) and long incubation times (60 h) (Aygan et al. 2008; Gangadharan et al. 2009; Liu et al. 2015) . EDTA a-amylases sensitivity varies according to the calcium sites located in the enzyme (Gupta et al. 2003) . On tested conditions, AmyJ33r is not sensible to EDTA; it is possible that the C-terminal extra region had an effect stabilizing front to calcium exit.
AmyJ33r retained 60% of the activity when was incubated with 1% SDS (w/w) for 1 h, while AmyJ33 was inhibited in the same conditions (Table 2 ). This behavior has been reported for thermostable and alkaliphilic aamylases (Saxena et al. 2007 ).
Discussion
Previously, a producer a-amylase bacterial strain (B. amyloliquefaciens JJC33M) was isolated from sugar cane soil in the Papaloapan Basin (Oaxaca, Mexico) and the native a-amylase (AmyJ33) produced was characterized using raw starch as substrate (Montor-Antonio et al. 2014; Hernández-Heredia and del Moral 2016) . Also, the genome of this strain was sequenced (Montor-Antonio et al. 2015) . In the present study, the gene AmyJ33-the only putative a-amylase predicted in the genome-was cloned and heterologously expressed; the recombinant a-amylase (AmyJ33r) and the native enzyme (AmyJ33) were characterized using soluble starch as substrate and their properties were compared. AmyJ33 codified for a protein of 659 amino acids with a theoretical molecular mass around 72 kDa classified in the GH13_28 subfamily (82% identity) characterized by the presence of an SBD from CBM26 family, which can be a sequence repeated 4-5 times in tandem or can be a unique sequence as has been reported (Majzlová and Janeček 2014) . In AmyJ33, only one CBM26 sequence was found just at the end of the protein. Interestingly, the native AmyJ33 had a molecular mass around 50 kDa, lower than predicted. Possibly some cleavages occur in the N-and C-terminal ends of the native enzyme decreasing its size. The cleavages in the heterologous system E. coli used to produce the recombinant enzyme could be different. In consequence, AmyJ33 and AmyJ33r differ in structure and molecular weight. Similarly, the recombinant a-amylase from B. subtilis JN16 (AmyQ A), a protein of 660 amino acids, with 86% of identity with AmyJ33r had a molecular mass around 57 kDa when it was produced in E. coli BL21 (Yang et al. 2012) . On the other hand, the Bacillus sp. TS 23 a-amylase lost the N-terminal when it was expressed in E. coli (Lin et al. 1997) ; in further research, the authors found that the N-terminal is essential for translocation of the enzyme to the culture medium in E. coli (Lo et al. 2001) . In contrast, the B. amyloliquefaciens a-amylase, AMY-Ba, with 95% of identity with AmyJ33r, was cloned without the signal peptide and expressed in E. coli BL21; the protein of 66 kDa produced was located in the intracellular extract (Liu et al. 2015) . In the same way, the recombinant a-amylase from B. aquimaris (BaqA, without signal peptide) expressed in the same system was located in the intracellular extract (Puspasari et al. 2012) . Thus, the signal peptide from AmyJ33 is recognized by E. coli secretory system and for this reason AmyJ33r was exported to extracellular culture.
A change in specificity and activity was observed when the recombinant and the native a-amylases were compared. AmyJ33r was only active on soluble starch used as substrate but not on raw starch, while AmyJ33 was active on both substrates (Montor-Antonio et al. 2014; Hernández-Heredia and del Moral 2016) . Although, in some a-amylases the loss of the SBD (Lactobacillus amylovorans aamylase, CBM26; a-amylase from marine metagenomic sample, CBM69; A. niger glucoamylase CBM20) has been associated with partial or total reduction of the enzymatic activity on raw starches (Rodriguez-Sanoja et al. 2000; Juge et al. 2002; Peng et al. 2014) ; there is also a report that shows that the SBD of the CBM25 family in the B.
amyloliquefaciens B-5 a-amylase (Amy-Ba), 95% identical to AmyJ33r, decreased its activity on raw starches up to 60% (Liu et al. 2015) . The role of the C-terminal region in the recombinant Bacillus sp. KR8104 a-amylase (BKA; 91% identical to AmyJ33r) was studied but no change in the substrate specificity was reported among the native, and the complete and truncated (without the C-terminal region) recombinant versions of the enzyme (Salimi et al. 2012 ). Interestingly, AmyJ33 was 19 times more active on soluble starch and its catalytic efficiency was 7 times higher than AmyJ33r. The same tendency was observed from the truncated form (without C-terminal; Amy7D) of the recombinant a-amylase from Bacillus subtilis CN7 (Amy7M; 94% identical to AmyJ33r), which was designed simulating the natural C-terminal truncation; Amy7D was twice as active and 1.2 more efficient than Amy7M (Wang et al. 2014) . In spite of the great similarity between Amy7M and AmyJ33r the differences in activity and catalytic efficiency were more pronounced between the natural truncated version AmyJ33 and the complete recombinant AmyJ33r than the simulated truncated recombinant version Amy7D and the complete recombinant Amy7M. The L. amylovorans a-amylase contains 5 tandem repetitions of the SBD belonging to the CBM26 family and their deletion promoted the loss of enzymatic activity on raw starch (Rodriguez-Sanoja et al. 2000) . This suggests that differences in the processing of the C-or N-terminal of these enzymes result in great changes in their catalytic properties and undoubtedly, given the variable behavior of the SBD in a-amylase, an in-depth study of these domains is required.
As mentioned, AmyJ33r is 25 kDa heavier than AmyJ33, and the results make suppose that part of the C-terminal extra region of the native enzyme (including the SBD) is lost during the posttraductional processing; otherwise, the loss of 25 kDa in the N-terminal region of AmyJ33 implicates the deletion of about half of the catalytic domain (domain A); consequently, the complete loss of enzyme activity. On the other hand, the presence of the His tag used to purify the recombinant enzyme confirmed that the C-terminal extra region in AmyJ33r is complete. These results suggest that the amino acids involved in the C-terminal extra region (including the SBD) in AmyJ33r and apparently eliminated in the native enzyme could be interfering or blocking the catalytic domain (domain A/B) in some way and this could explain the change in specificity, since this additional region may be preventing the raw starch is positioned efficiently on the enzyme to be hydrolyzed, while the soluble starch, less complex in structure, is positioned correctly and hydrolyzed.
AmyJ33r is considered a more alkaline a-amylase than AmyJ33 because it shows optimal activity in the pH range of 6-8. A similar behavior has been observed with the recombinant a-amylase from B. subtilis JN16 (AmyQ A), which was more stable at alkaline pH (pH 7-8.5) compared to the native a-amylase (AmyQ B) that showed better stability at slightly acidic pH (pH 4.5-6.5). The authors suggest that recombinant a-amylases can change its conformation when they are produced and secreted in E. coli causing this change (Yang et al. 2012) . It has also been proposed that unprocessed regions, signal peptides or C-terminal in this particular case, could change the electrostatic environment of the active site (specially Glu249 residue) (Abe et al. 2005) . In this regard, additional regions, especially in the C-terminal, could buffer the pH providing stability at alkaline pH. It is worth mentioning that the C-terminal extra region had a significant positive influence on the thermal stability at 50 and 60°C (P \ 0.05). This result was different from those reported so far. The truncated version of the recombinant a-amylase from Bacillus sp. KR8104 (BKA) had no effect on thermostability (Salimi et al. 2012) . In contrast, the C-terminal truncation of the recombinant a-amylase from B. subtilis CN7 and B. subtilis FP-133 improved the thermal stability (Wang et al. 2014; Takenaka et al. 2015) .
As has been reported, AmyJ33 is a metal independent aamylase (Montor-Antonio et al. 2014 ). This was confirmed evaluating the effect of EDTA on AmyJ33r activity. These types of enzymes, especially Ca 2? independent, are ideal for industrial applications because CaCl 2 added as aamylase stabilizer at high temperature is lately removed by ionic interchange to prevent the inhibitory effect on glucose isomerization, resulting in an additional step in the starch hydrolysis process. Interestingly, AmyJ33r lost only 40% of the activity when it was incubated with 1% SDS while AmyJ33 lost the activity completely. This result corroborates that the C-terminal extra region could be acting as a buffer, protecting the active site (Aygan et al. 2008) or generating a more rigid or stable structure as was observed when the truncated versions of Leuconostoc citreum CW28 inulosucrase, a multidomain enzyme, were studied (Del Moral et al. 2008 ).
In conclusion, the recombinant a-amylase (AmyJ33r) had a molecular mass 25 kDa higher than native a-amylase (AmyJ33). The difference is probably due to the processing in the C-terminal extra region of the native enzyme. This extra region that includes the SBD in AmyJ33r influenced the substrate specificity, and the biochemical properties of the enzyme. AmyJ33r hydrolyzed only soluble starch while AmyJ33 hydrolyzed both soluble starch and raw starch. The optimum pH increased from 5 to 9, suggesting a buffer effect of the C-terminal extra region on the active site, avoiding the unfolding by pH. In contrast, no effects on optimum temperature and the thermo stability were affected only at 50 and 60°C. To understand how this region avoids the raw starch hydrolysis, affinity experiments will be performed to study the interaction of the SBD and the intermediate region between domain C and the SBD with the raw starch.
